The Anaphase-Promoting Complex (APC) is an E3 ubiquitin ligase that regulates mitosis and G1 by sequentially targeting cell-cycle regulators for ubiquitination and proteasomal degradation. The mechanism of ubiquitin chain formation by APC and the resultant chain topology remains controversial. By using a single-lysine APC substrate to dissect the topology of ubiquitinated substrates, we find that APC-catalyzed ubiquitination has an intrinsic preference for the K11 linkage of ubiquitin that is essential for substrate degradation. K11 specificity is determined by an E2 enzyme, UBE2S/E2-EPF, that elongates ubiquitin chains after the substrates are pre-ubiquitinated by UbcH10 or UbcH5. UBE2S copurifies with APC; dominant-negative Ube2S slows down APC substrate degradation in functional cell-cycle extracts. We propose that Ube2S is a critical, unique component of the APC ubiquitination pathway.
D
uring protein ubiquitination, a lysine residue on a target protein is conjugated to ubiquitin through an enzymatic cascade involving E1 activating enzymes, E2 conjugating enzymes, and E3 ligases (1) . Chain formation can proceed in the same manner by repetitively adding ubiquitins to one or more of seven lysines on conjugated ubiquitin, potentially generating ubiquitin chains of several different topologies (2, 3) . The linkage, topology, and length of the ubiquitin chains are thought to determine the fate of the tagged protein: K48-linked ubiquitin for degradation and K63 for signaling DNA damage and inflammation (4) .
We have studied the linkage and topology of ubiquitin chains generated by the APC, a multisubunit E3 enzyme that controls cell-cycle progression (5) . Recently, two interesting observations have been made about chain topology: First, different E2s might be required in concert to form long ubiquitin conjugates on APC substrates (6) . Second, the density of ubiquitin, rather than the length of the chains, may qualify substrates for degradation (7) .
Like most E3 ligases, APC modifies multiple lysine residues on each substrate, generating a diverse mixture of products. Poor resolution obtained in sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) hinders analysis. Even when distinct bands are observed, they may not correspond to single products. A band of a discrete molecular weight may reflect ubiquitination on multiple lysine residues or, alternatively, the formation of ubiquitin chains on single-lysine sites.
Dissecting the topology of the ubiquitin chains requires a careful simplification of the ubiquitination reaction under meaningful conditions. To achieve that, following earlier work of Petroski and Deshaies (8) , we have modified the well-characterized APC substrate, securin, and generated a model substrate that has only a single-lysine residue available for ubiquitination, thereby limiting chain formation to a single chain. By using this model substrate, we discovered that the ubiquitin conjugates formed on APC substrates are preferentially linked through ubiquitin lysine 11. Similar results have recently been shown by Jin et al. (9) . We also found that another E2, UBE2S/E2-EPF, assembles K11-linked ubiquitin chains on APC substrates that have been preubiquitinated by UbcH10 or UbcH5. During the preparation of this manuscript, two reports came out and confirmed an essential role of UBE2S in APC mediated cell cycle regulation (10, 11) .
Results

Securin With a Single Lysine Can Support Efficient APC-Dependent
Degradation. Sites of ubiquitination can be studied most easily by substituting methylated ubiquitin for ubiquitin, thus limiting the reactions to single steps of modification. By using methylubiquitin, Cyclin B1, and securin, each reveal a minimum of five sites of modification (12, 13) . To simplify our studies, we made constructs that allow only a single ubiquitin chain to be formed. A lysine-less version (securin-K0), made by mutating all 20 lysines to arginines, is stable in G1 phase extracts (Fig. 1A second from top) and unable to be ubiquitinated in an in vitro ubiquitination reaction by using purified APC ( Because the Degradation box (D-box) sequence is known to play an important role in securin degradation (14) , we examined lysine residues around the D-box. Starting with securin-K0. We reverted one of the three of the most highly conserved residues around the D-box (residues 61-68) back to lysine, producing K48, K58, and K73 forms of securin (14) . We also reverted to lysine residues at the N terminus (K9) and the C terminus (K157) that were far from the D-box. As shown in Fig. 1A , among the mutants, securin-K48 was degraded with kinetics most similar to that of the wild-type securin. Degradation of securin-K48 was blocked by the APC inhibitor, Emi1 (Fig. 1C) , thus excluding nonspecific proteolysis in the extract system used. In in vitro ubiquitination reactions using purified APC and methylated ubiquitin, only one ubiquitin was added to securin-K48, whereas as least five ubiquitins were added to the wild-type protein (Fig. 1B) . It is noteworthy that methylated ubiquitin suppresses but does not eliminate ubiquitin chains completely, probably due to residual wild-type ubiquitin in the reaction mix (Fig. 1B Lane  3) . We conclude that ubiquitination of only a single site on securin can lead to efficient APC-dependent ubiquitination and subsequent proteasomal degradation. The D-box mutant (DBM) of securin-K48 (securin-K48-DBM) was stable in the cell extracts (Fig. 1D) , as has been shown for the DBM of wild-type securin, suggesting the single-lysine securin behaves like a prototypical APC substrate (13) .
A Preference for K11 Linkages. Lysine 48-linked ubiquitin chains (not to be confused with single-lysine 48 on securin) are thought to be the major targeting signals for proteasomal degradation (4) . However, in a recent study, ubiquitin conjugates formed on APC substrates were shown to utilize multiple linkages (7) . Because, in these experiments, the substrate was both multi-ubiquitinated (ubiquitination on multiple lysine residues) and poly-ubiquitinated (formation of ubiquitin chains), it remains unclear which linkage has been used for a specific ubiquitin chain; hence we examined ubiquitin conjugates on a substrate where only a single ubiquitin chain can be formed.
We examined ubiquitination products generated with purified APC, E1, E2s (UbcH10 or UbcH5a), purified securin-K48, and a series of ubiquitin mutants, each containing all but one of its lysine residues converted to arginine. We denote these ubiquitin mutants by their single, intact lysine, as in ubiquitin K63 that refers to a ubiquitin containing six lysines mutated to arginine, with only lysine 63 available for conjugation. Results in Fig. 2A clearly show that ubiquitin K11 generates the longest ubiquitin chain (>6 ubiquitin molecules) on securin-K48 substrate. Wildtype ubiquitin appeared to give somewhat longer chains, but, of course, the wild-type ubiquitin can make branched chains of unknowable complexity, whereas the single-lysine ubiquitin mutants can only assemble linear chains. Reactions with linkages made through the K6, K27, K29, or K33 of ubiquitin formed short di-or tri-ubiquitinated products, with the mono-ubiquitinated species being the predominant product. Reactions with linkages made through K48 and K63 of ubiquitin formed products with slightly longer ubiquitin chains. When securin-K48-DBM was used, the linkage preferences were almost the same, but the products had comparatively shorter ubiquitin chains ( Fig. 2A right) , as have been observed for DBM of wild-type securin (13) . These observations were not specific to securin. Similar results were obtained by using single-lysine mutants of the N-terminal fragment of cyclin B1 (N-cyclin B1) (Fig. 2) , suggesting that linkage preference does not depend on the position of the lysine residues in the substrates, nor on the identity of the substrates.
As APC-dependent ubiquitination can be mediated by both UbcH10 and UbcH5 (15, 16) , we examined reactions with different E2 enzymes. Both of the reactions with UbcH10 and UbcH5a yield similar products on securin-K48 ( Fig We used dominant-negative ubiquitin mutants in which lysine 11 (K11R), 48 (K48R), or lysine 63 (K63R) were substituted with arginine to evaluate the importance of K11-linked ubiquitin conjugates in substrate degradation. Each mutant had six available lysines with only one mutated to arginine. K48R or K63R ubiquitin mutants had no effect on securin-K48 degradation, compared with the wild-type ubiquitin (Fig. 2F ). By contrast, adding K11R ubiquitin significantly inhibited securin-K48 degradation to the same extent as lysine-free ubiquitin (K0 ubiquitin). The incomplete inhibition is almost certainly due to competing wild-type ubiquitin in the assay. Thus, lysine-11-linked ubiquitin conjugates are not only the preferred product of APC but are essential for degradation. These observations are consistent with the results that Jin and colleagues reported recently (9) .
The Role of E2-25K. The E2-25K conjugating enzyme (also know as UbcH1) mediates the assembly of long ubiquitin chains on APC substrates in conjunction with Ubc4 in yeast (6) . Although this model was extended to human cells, we could not confirm this ( Fig. 2A) . We were concerned that their conditions for human cells were not physiological, particularly because E2-25K has a high propensity to synthesize ubiquitin chains in the absence of any E3 (17) .
We have reexamined the role of E2-25K by using N-cyclin B1-K20 as a single-lysine substrate for ubiquitination under conditions that we believe are more realistic, specifically, concentrations of E2s at 1.5 μM instead of 10-20 μM, lower concentrations of E1 (0.15 μM instead of 0.5 μM). The following experiments we performed at 37°C. As shown in Fig. 3A , when our revised conditions were used, reactions with UbcH10 went to completion and formed long ubiquitin chains on the single-lysine substrate (Lane 1), and addition of polymers of ubiquitin with E2-25K alone was not detectable (Lane 2). However, when we used the conditions employed in Morgan's experiment, a small amount of the substrate was converted to ubiquitinated products with very long ubiquitin chains (Lanes 5 and 6) with E2-25K alone. These reactions were very processive (very long chains, few intermediates) but inefficient compared to reactions with UbcH10 alone at a lower concentration (Lane 4). When high concentrations of UbcH10 and E2-25K were combined in the same reaction, we, too, observed a complete conversion of the substrate and formation of products with very long ubiquitin chains (Lanes 7 and 8).
Because E2-25K can synthesize ubiquitin chains in the absence of E3s, we were concerned that reactions with E2-25K might have been E3 independent (17) . As shown in Fig. 3B , 0.5 μM E1 and 10 μM E2-25K did not generate ubiquitinated products in the absence of APC, whereas a small amount of the substrate was ubiquitinated in the presence of APC (compare Lane 2 with Lane 3). These results indicate that the APC is required for the nucleation of ubiquitin conjugates. However, it was unclear if elongation was also APC dependent. To test the role of E2-25K in the elongation reaction, the substrate was first ubiquitinated with UbcH10 (Lane 4); APC was then removed by immunodepletion and E2-25K was added to the reaction for another 1 h at 37°C (Lane 5). Omitting UbcH10 in the first step but adding E-25K in the second step showed that the depletion of APC was complete (Lane 7). The final products of this reaction were almost identical to those formed in a reaction where APC was present throughout the reaction (Lane 6) and, hence, E2-25K mediated elongation does not require APC.
E2-25K alone, under more physiological conditions, does not drive ubiquitination in the presence or absence of APC (Fig. 3C  Lanes 2 and 3) ; most importantly, it does not act synergistically with UbcH10 (Fig. 3C Lanes 5 and 6) . These results call into question the physiological significance of reactions that require 10-20 μM E2-25K hat are many times higher than the reported in vivo concentration of E2-25K of about 0.03 μM (18) . Therefore, while the Morgan data were convincing that E2-25K was a specific elongation factor for APC in yeast, we conclude that the human homolog is unlikely to share that function.
UBE2S/E2-EPF Assembles K11-Linked Ubiquitin Chains. Human APC might use a similar mechanism to that in yeast but with different E2s. UBE2S/E2-EPF was cloned in a screen of human keratinocyte cDNAs in the skin disease, endemic pemphigus foliaceus (EPF) (19) . The protein catalyzes E3-independent, autoubiquitination and supports E3-dependent ubiquitin conjugation and model substrate degradation in reticulocyte fractions (20) . The ubiquitin chains formed in UBE2S-catalyzed reactions were exclusively linked through lysine 11 of ubiquitin, and were able to bind the subunit 5 of the 26S proteasome (21) . Recently, UBE2S was found to be overexpressed in breast tumors and its expression correlates with genes that function in the G2/M phases of the cell cycle, including CYCLIN B2, CDC20, and UBE2C (UbcH10). Moreover, UBE2S protein oscillates through the cell cycle and reaches peak level at late mitosis (22) .
These interesting properties led us to test whether it could support APC-catalyzed ubiquitination. As shown in Fig. 4A , purified recombinant UBE2S, unlike UbcH10 and UbcH5a, could not support APC-catalyzed ubiquitination on securin-K48 but when added in combination with UbcH10 or UbcH5, it supported much longer ubiquitin chains. Whereas UbcH10 or UbcH5a alone only makes ubiquitin chains of 2-4 ubiquitins long in an APC-catalyzed reaction, combination with UBE2S extends the chain length to over 10-15 ubiquitins. To test whether this activity is dependent on APC, we used the same assay described in Fig. 3C . Securin-K48 was ubiquitinated with APC and UbcH10 first, then APC was removed from the reaction mixture and UBE2S was added (Fig. 4B) . Longer ubiquitin chains were produced when APC was present through the entire course of the reaction (Lane 3). When APC was present only at early stages, the chains were shorter (Lane 4). But when APC was added back after the immuno-depletion, the chains are longer again, confirming the lack of ubiquitin-chain extension in the second stage was not due to nonspecific damage to the reaction mixture during the immuno-depletion process (Lane 5). This suggests that the activity of UBE2S in these reactions is APC-dependent, unlike that of E2-25K. APC is activated by CDC20 in mitosis and by Cdh1 in G1 phase (23) . Ubiquitination reactions, with either APC/CDC20 purified from mitotic extracts or with APC/Cdh1 purified from G1 extracts, were indistinguishable.
If UBE2S were essential, why was its requirement was not identified earlier in previous biochemical experiments that identified UbcH10? As shown in Fig. 4C , we found that UBE2S efficiently copurifies with APC during immunoaffinity purification from HeLa cells extracted under normal conditions by using washes with low-salt buffers (13) . However, under high-salt wash conditions that were employed in the purification of APC from Xenopus eggs (7), very little UBE2S copurified with APC. Whereas APC purified under the low-salt conditions forms long ubiquitin chains (>4 ubiquitins), APC purified under the high-salt condition makes mostly mono-ubiquitinated products. All of the previous ubiquitination studies by using APC and UbcH10 (or UbcH5) alone would have had endogenous UBE2S in the reactions and this may account for the relatively long ubiquitin chains formed under these conditions. It is especially noteworthy that Xenopus laevis APC purified under high-salt wash conditions only makes short biquitin chains with average chain length less than two and this has been interpreted to be the normal state (7). However, reactions using Xenopus APC purified under high-salt condition and supplemented with UBE2S, or by using Xenopus APC purified under low-salt condition, formed longer ubiquitin chains. Thus, we believe that UBE2S is required for making long ubiquitin chains with both Xenopus and human APC, and the variable length of ubiquitin chains is a direct consequence to the variable levels of UBE2S.
Because UBE2S builds ubiquitin chains exclusively through the lysine-11 linkage, we asked whether the complete APC/UbcH10/ UBE2S reaction generated ubiquitin chains exclusively through K11 linkage. As shown in Fig. 4D , in reactions where UBE2S was present, long ubiquitin chains were formed when wild-type ubiquitin or ubiquitin mutants other than the ubiquitin K11R Fig. 4 . UBE2S assembles K11 linked ubiquitin chains on APC substrates. (A) Cooperativity between UbcH10 or UbcH5a and UBE2S. 35 S-labeled securin-K48 were ubiquitinated in the presence of different combinations and concentrations of E2s, as indicated. (B) UBE2S's ubiquitin-chain extension activity is APC-dependent. 35 S labeled securin-K48 was ubiquitinated in the presence of different combinations and concentrations of E2s as indicated. The Lane (þ∕−) designates a reaction, where substrate was ubiquitinated first with UbcH10 for 1 h, then the products were separated from APC and ubiquitinated with UBE2S for another 1 h. (C) UBE2S is required for synthesizing long ubiquitin chains. 35 S-labeled securin-K48 were ubiquitinated with UbcH10 and APC that were purified under different conditions. Purified APC samples were immuno-blotted with anti-APC7 and anti-UBE2S antibodies. (D) UBE2S makes K11 specific ubiquitin chains. 35 S labeled securin-K48 were ubiquitinated in the absence (−) or presence (þ) of UBE2S and UbcH10 with different ubiquitin mutants. (E) UBE2S's ubiquitin-chain extension activity requires its catalytic residue and the C-terminal domain. 35 S-labeled securin-K48 were ubiquitinated in the absence (−) or presence of UBE2S mutants and UbcH10 with different ubiquitin mutants. (F) UBE2S extends ubiquitin chains on pre-ubiquitinated substrate. 35 S-labeled securin-K48 were first ubiquitinated with GST-UbcH5a. After removing APC and GST-UbcH5a by immunodepletion, the products were used as substrate for a second ubiquitination reaction with (þ) or without (−) APC in presence of a different UBE2S mutant. All the ubiquitination reactions were analyzed by autoradiography.
were present. However, in the reactions with UbK11R, only short ubiquitin chains were produced and addition of UBE2S did not change their length (Fig. 4D Lanes 3 and 4) . Thus the ubiquitin chains formed in APC/UbcH10/UBE2S-catalyzed reactions are linked through K11.
To test whether UBE2S functions as a second E2 in a sequential reaction, like E2-25K, we prepared a point mutant of the predicted active site cysteine mutated to serine (C95S). As shown in Fig. 4E , reactions with wild-type UBE2S make long ubiquitin chains with a K11 linkage specificity. However, reactions with the C95S mutant of UBE2S not only produce short ubiquitin chains, but also lose the linkage specificity, as three different K/R ubiquitin mutants generate similar products. More importantly, when compared with the reaction with UbcH10 alone (Lane 1), the reactions with C95S mutant of UBE2S make shorter ubiquitin chains with mainly mono-and di-ubiquitinated products (Lane 6-9). In addition to its ubiquitin-conjugating domain, UBE2s has a C-terminal extension that is required to extend ubiquitin chains. Reactions including the UBE2SΔC mutant (UBE2S with the C-terminal domain truncated) generated products similar to those of reaction with UbcH10 alone and the linkage specificity of the ubiquitin chains was maintained (Fig. 4E) . Therefore, the enzymatic activity of UBE2S is required to form long ubiquitin chains formed by APC in the presence of UbcH10.
We tested whether UBE2S could extend ubiquitin chains that are pre-formed on APC substrates by using the same assay as we had previously, but, here, purifying the pre-formed products. When both APC and UBE2S were added for the second ubiquitination reaction, the mono-ubiquitinated substrate was converted to products with long ubiquitin chains (Fig. 4F Lane 3) . However, no additional ubiquitin chains were produced in the presence of APC and UBE2S C95S (Fig. 4F Lane 4) .
The Role of UBE2S In Substrate Degradation. As shown in Fig. 5A , both securin and geminin remain stable in extracts made from nocodazole-arrested cells that maintain an active spindleassembly checkpoint (24, 25) . The addition of UBE2S or UBE2S C95S to this extract system had no effect on the degradation of APC substrates, unlike the addition of UbcH10 that drives the system into anaphase and activates APC (25, 26) . We used the ability of UbcH10 to override the checkpoint in these extracts to ask whether UBE2S is important for mitotic exit. The addition of UBE2S C95S partially blocked the degradation of securin and geminin, compared with the addition of UBE2S. However, the addition of Emi1 completely inhibited the degradation. Longer ubiquitin chains were formed on substrates that were incubated in extracts supplemented with wild-type UBE2S compared to the C95S mutant, whereas Emi1 blocked the formation of ubiquitin chains on substrates (Fig. 5B) .
Discussion
To dissect the complex topology of ubiquitin conjugates formed on APC substrates, we simplified the ubiquitination reaction by restricting modification to a single site. Although all known APC substrates are ubiquitinated on multiple lysine residues, we showed here that a single-lysine site was sufficient to promote efficient and APC specific degradation. By using the single-lysine securin as a model system, we found that UBE2S acts in concert with UbcH10 or UbcH5 to make K11-linked ubiquitin chains on APC substrates.
K11-Linked Ubiquitin Chain as a Signal for Proteasomal Degradation.
It has been well established that ubiquitin chains assembled through K48 act as a signal for proteolysis by the proteasomes and that K63-linked chains signal DNA damage tolerance, inflammatory response, protein trafficking, and ribosomal protein synthesis (2, 4) . In yeast, all seven possible ubiquitin linkages have been identified, though the functions of linkages other than K48 and K63 have not been elucidated (3) . Recently, ubiquitin conjugates formed by Xenopus laevis APC in an in vitro reaction were shown to have three different linkages (K11, K48, and K63) (7). However, the functional relevance of each linkage was not specified.
We have found that APC has a strong preference for making K11-linked ubiquitin chains. This linkage specificity is determined by a previously unrecognized E2 of the reaction, UBE2S. substrates modified with K11-linked ubiquitin chains bind the proteasome recruiting factors efficiently (9) . More importantly, when a ubiquitin mutant that lacks K11 was added to a cell cycle extracts, it inhibited the degradation of APC substrates, showing that the K11 linkage is essential for degradation. Injection of ubiquitin K11R into frog embryo stopped the early embryonic cell cycles, confirming the K11 linkage is important for cell cycle progression in vivo (9) . K11 linked ubiquitin chains are not unique to APC substrates. While yeast APC synthesizes K48 linked ubiquitin chains, K11 chains are the third most abundant species in yeast (after K48 and K63) (3). K11 linked ubiquitin chains are prominent in pull-downs of UBA-UBX proteins that are the cofactors of p97, a chaperone involved in endoplasmic reticulum-associated degradation (27) . K11 linked ubiquitin chains also accumulate in tissues of animal model for neurodegenerative disorder, like Huntington's disease (28) .
The Role of Sequential E2 Activity. In ubiquitin conjugates formed with Xenopus laevis by using Ubc4 or UbcH10 as the E2, King and colleagues found that the ubiquitin chains were linked through K11, K48 and K63 of ubiquitin with an average chain length of less than two and that these were competent for degradation (7) . These results were contradict to the previous thought that ubiquitin chains of greater than four are a signal for degradation (29) . However, in a cellular context, where UBE2S is present, APC substrates should be modified with long ubiquitin chains.
A recent report by Rape and colleagues found that a set of surface residues surrounding lysine 11 of ubiquitin were important for ubiquitin chain synthesis by APC in vitro and similar sequence motifs could also be found in certain APC substrates (9). It was proposed that these structural features of the substrate and ubiquitin were recognized by APC and UbcH10 to promote ubiquitin-chain initiation and elongation, respectively. Whereas this model elegantly explains how a single E2/E3 pair could coordinate the different steps of ubiquitin-chain assembly, our results show that, for APC, the ubiquitin chain is actually made in a two-step reaction by two different E2s. Whereas the set of residues around lysine 11 of ubiquitin may, indeed, determine the K11 linkage, specificity of the chain elongation reaction, we doubt whether a similar structural motif is a prerequisite for conjugating the first ubiquitin. Securin K48 is not near such a motif; but lysine-48 is fully competent for ubiquitin-chain initiation.
Although Rodrigo-Brenni and Morgan extended their observations of E2-25K from yeast to mammalian cells, we question a role of E2-25K and its associated K48 ubiquitin linkages in mammalian cells. The important linkage for degradation of APC substrates in HeLa cells appears to be K11 and not K48. The synergy between UbcH10 and E2-25K Rodrigo-Brenni and Morgan observed in HeLa cells is most likely due to the fact that the E2s were present at exceedingly high concentrations. At lower concentrations, closer to the physiological level, there was no observable effect of E2-25K and the cooperative behavior with UbcH10 was also not observed.
However, we do, indeed, think the favored process for both yeast and human appears to be that APC assembles ubiquitin chains on its substrates in two steps. First, UbcH10 or UbcH5 puts on the first ubiquitin of a chain and may actually monoubiquitinate multiple lysine residues of the substrate. Second, UBE2S elongates the ubiquitin chain specifically along the K11 linkage. When there is little UBE2S associated with APC, it makes mostly mono-ubiquitinated products. UBE2S only works on substrates that have been pre-ubiquitinated and a single ubiquitin is enough to initiate a long ubiquitin chain. Under all the conditions we tested, UBE2S's activity is dependent on APC, unlike E2-25K, which can elongate chains in an E3 independent fashion at high concentrations (17) . A C-terminal-domaindeletion mutant of UBE2S maintains the same K11 linkage specificity but has lower processivity, suggesting the linkage specificity is determined by the core domain of the E2 and that the C-terminal domain determines the processivity of ubiquitin-chain extension. Similar observations have been made on Ubc1 (6) .
A similar mode of ubiquitin chain assembly through sequential E2s actions has been proposed recently for different Really Interesting New Gene (RING) and U-box E3 ligases, suggesting this may be a general way of assembling ubiquitin chains of a specific topology on substrates by E3 ligases (30, 31) . It was proposed that the first conjugation reaction may lack specificity for a particular lysine residue on a substrate as long as the lysine is accessible to the E2-E3 complex. In contrast, ubiquitin chain elongation occurs through a specific lysine residue on ubiquitin. Specificity, therefore, would reside in the elongation step. This is reminiscent of the ubiquitin chain assembly process by the Skp1-Cullin-F-box (SCF)-CDC34 system (32) . UBE2S, E2-25K, and Ubc13/ Mms2 have been found to support K11-, K48, and K63-linked ubiquitin-chain extension in a two-step reaction, resp. We would predict that the specificity of other ubiquitin chain linkages and topologies would also be achieved in a similar manner.
Materials and Methods
Detailed materials and methods can be found in the SI Materials and Methods. UBE2S and mutants were purified as His-tagged proteins from E. coli. In vitro degradation assay and ubiquitination assay were performed according to (13) and the APC were purified from extracts of synchronized human HeLa S3 cells.
